Due to their ultrahigh theoretical capacity, metal borohydrides are considered to be one of the most promising candidate hydrogen storage materials. Their application still suffers, however, from high operating temperature, sluggish kinetics, and poor reversibility. Designing nanostructures is an effective way of addressing these issues, but seeking suitable approaches remains a big challenge. Here, a space-confined solidgas reaction to synthesize Mg(BH 4 ) 2 nanoparticles supported on grapheme is reported, which serves as the structural support for the dispersed Mg(BH 4 ) 2 nanoparticles. More notably, density functional theory calculations reveal that graphene could weaken both the MgH bonds of MgH 2 and BB bonds of B 2 H 6 , which could thermodynamically and kinetically facilitate the chemical transformation to synthesize Mg(BH 4 ) 2 with high purity. Because of the synergistic effects of both the significant reduction in particle size and the catalytic effect of graphene, an onset dehydrogenation temperature of ≈154 °C is observed for Mg(BH 4 ) 2 nanoparticles, and a complete dehydrogenation could be achieved at a temperature as low as 225 °C, with the formation of MgB 2 as the by-product. This work provides a new perspective to tailoring the thermodynamics and kinetics of chemical reactions toward the favorable synthesis of functional inorganic materials.
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Introduction
Hydrogen has great potential to become an ideal energy carrier in the future, due to its abundance, high energy density, and environmental friendliness, but it requires a safe and efficient hydrogen storage technique for its extensive application. [1, 2] Storing hydrogen in a solid-state medium is considered to be the safest and most effective way to achieve the widespread application of hydrogen in the future. [3] [4] [5] [6] Owing to their high theoretical gravimetric and volumetric capacity for hydrogen, light metal borohydrides, such as LiBH4, Mg(BH4)2, and NaBH4, have great potential to be applied as practical hydrogen storage materials. [6] [7] [8] [9] Among them, Mg(BH4)2 possesses an attractive gravimetric capacity of 14.9
wt.% and the highest volumetric capacity of 145-147 kg/m 3 . [10] More importantly, due to the much higher Pauling electronegativity (χp) of Mg (χp = 1.31) compared to Ca, Li, and Na (χp = 1.00, 0.98, and 0.93, respectively), which leads to weaker ionic bonding strength and hence lower stability relative to these borohydrides, Mg(BH4)2 exhibits the lowest temperature for hydrogen desorption among all the light metal borohydrides. [11, 12] The hydrogen storage process in Mg(BH4)2 could be generally described by the following Equation (1): [13] Mg(BH4)2 ↔ MgB2 + 4 H2 (1)
Based on the above equation, thermodynamic calculations reveal an enthalpy change of -39 kJ mol -1 H2 for the dehydrogenation from Mg(BH4)2, enabling the hydrogen storage to occur within the temperature range of 20-75 o C, which satisfies the practical requirements for proton exchange membrane fuel cells (PEMFCs). [14, 15] Nevertheless, the operating temperature for the dehydrogenation from Mg(BH4)2 is generally over 300 o C owing to its high kinetic barriers, which is mainly attributed to the sluggish diffusion of hydrogen and mass transport towards hydrogen desorption. [16, 17] Furthermore, the formation of stable intermediates generated from multi-step reactions in the dehydrogenation significantly obstructs the reversibility of Mg(BH4)2, and hence, only negligible reversibility is observed from its dehydrogenated products, even under harsh conditions, including high hydrogen pressure and high temperature (e.g., 90 MPa, 400 o C), [18] which is regarded as one of the major obstacles for the practical application of Mg(BH4)2 for on-board hydrogen storage systems.
To date, the main strategies to improve the hydrogen storage performance of Mg(BH4)2 involves the addition of catalysts and reduction of the particle size of Mg(BH4)2. Although the adoption of catalysts could indeed modify the kinetics of Mg(BH4)2 to some extent, the improvement is very much limited by the density of active sites and the selectivity, accessibility, and stability of the catalyst, as well as the sluggish mass transport and the formation of stable intermediates arising from the dehydrogenation process. [19] [20] [21] [22] [23] [24] On the other hand, reduction of the particle size down to nanometer range could directly reduce the barrier of reaction pathways for both hydrogen diffusion and mass transport in the solid state, which would play an important role in relieving the kinetic constraints, and hence, could effectively enhance the dehydrogenation and hydrogenation kinetics. [25] [26] [27] In addition, nanostructuring of metal borohydrides could generate large specific surface area, grain boundaries, defects, and increased concentrations of steps, kinks, and corner atoms, which could thermodynamically destabilize the borohydrides towards enhanced hydrogen storage performance. [28, 29] Confining or anchoring active materials inside porous hosts is an effective way to synthesize Mg(BH4)2 nanoparticles (NPs) by virtue of the structural support of scaffolds. [30] [31] [32] Solution impregnation and solid-gas reactions between nanoconfined MgH2 NPs and diborane (B2H6), according to the Equation (2), are common strategies to incorporate Mg(BH4)2 into porous support materials. [33] [34] [35] [36] [37] Nevertheless, some unresolved issues significantly hinder the utilization of these strategies to fabricate nanostructured Mg(BH4)2 with high density and purity. In terms of the solution impregnation method, the tedious infiltration process and the tremendous decrease in systematic storage capacity due to the introduction of a large amount of inactive scaffolds for hydrogen storage (more than 55 wt% in general) significantly limits its practical application. [36, 38] In addition, irregular spatial distribution and the agglomeration of Mg(BH4)2 NPs are usually observed due to the lack of control over the infiltration process, which would significantly attenuate the effects of space confinement towards improving the performance of Mg(BH4)2. [37] More importantly, the favorable adsorption of Mg(BH4)2 from its solvent would not only significantly reduce the purity of the resultant Mg(BH4)2 NPs, but also contaminate the released hydrogen upon thermal treatment. [37] Alternatively, although the synthesis of Mg(BH4)2 NPs through the solid-gas reaction between B2H6 and the nanoconfined MgH2 NPs suffers from almost the same drawbacks as the nanoconfinement of Mg(BH4)2 via solution infiltration caused by the nanoconfinement of MgH2 NPs, the presence of organic solvent would be avoided owing to its relatively weak interaction with MgH2. The simultaneous formation of MgB12H12 with high thermodynamic stability during the solid-gas reaction, however, significantly decreases the purity of the as-synthesized Mg(BH4)2 NPs and the releasable capacity of the whole system. 27, 28 Therefore, developing a new chemical synthesis strategy to fabricate homogeneous Mg(BH4)2 NPs with both high purity and high density is still a big challenge, but it is of particular importance for further improvement of the hydrogen storage performance of Mg(BH4)2 towards practical applications.
To address all the above issues, we present a graphene-tailored solid-gas reaction strategy to fabricate uniform Mg(BH4)2 NPs homogeneously distributed on graphene, which plays a vital role in thermodynamically and kinetically enhancing the chemical reaction between
MgH2 NPs and B2H6 to synthesize borohydrides. Specifically, graphene-supported homogeneous MgH2 NPs (denoted as MH-Gr) with an average particle size of ~ 8 nm were synthesized through a bottom-up self-assembly strategy as in "smart" nanoreactors ( Figure 1 ).
Subsequently, a space-confined solid-gas reaction between B2H6 and graphene-supported MgH2 on graphene with a large interparticle distance through the bottom-up self-assembly approach could guide the formation of homogeneous Mg(BH4)2 NPs with high loading, which results in high hydrogen storage capacity and energy density of the whole system. As a result, the as-synthesized MBH-Gr exhibits unique structural and hydrogen storage properties, including stable structural integrity, fast hydrogen desorption, low activation barriers, and remarkable reversible hydrogen storage performance.
Results and Discussion
Graphene-supported homogeneous MgH2 NPs were first synthesized through the hydrogenation-induced solvethermal reaction of dibutyl magnesium. [39] Owing to the favorable adsorption of both dibutyl magnesium and MgH2 on graphene, large amounts of Figure S2 ). The large interparticle space on the flexible graphene layers could effectively alleviate aggregation and particle growth during the solid-gas reaction to form Mg(BH4)2, and meanwhile, the porous structure of graphene could provide facile pathways for the transportation of B2H6 to react with each MgH2 NP.
Subsequently, MH-Gr was then adopted as the "smart" nanoreactor to synthesize Mg(BH4)2
NPs via the space-confined solid-gas reaction between the MgH2 NPs and B2H6 on graphene.
The XRD patterns ( Figure 3a ) exhibit the characteristic peaks belonging to Mg(BH4)2, along with the disappearance of MgH2, which demonstrates the successful synthesis of Mg(BH4)2 based on the solid-gas reaction between B2H6 and graphene-supported MgH2 NPs. It should be noed that, although the Fourier-transform infrared (FTIR) spectra further confirm the synthesis of Mg(BH4)2 by the presence of its characteristic peaks, a weak peak at 2478 cm -1 is also observed, indicating the simultaneous formation of MgB12H12. [40] By comparison, without the presence of graphene, MgH2 could be still observed without the formation of crystalline Mg(BH4)2 under the same conditions, based on the reaction between MgH2 NPs and B2H6, and meanwhile, a strong peak belonging to MgB12H12 could be observed in the FTIR spectra ( Figure S3 ), which coincides well with the previous reports. [35, 36] . This directly confirms the important role of graphene in thermodynamically and kinetically facilitating the generation of Mg(BH4)2. In order to elucidate the mechanism underlying the formation of previously reported. [41] A total dehydrogenation capacity of ~12.85 wt % was observed for pure Mg(BH4)2, which is slightly lower than the theoretical gravimetric capacity of Mg(BH4)2 (~14.9 wt %), indicating its incomplete decomposition. This is verified by the XRD patterns ( Figure S5 ) and FTIR spectra ( Figure S6 ), which demonstrate that the dehydrogenation products of pure Mg(BH4)2 at 450 o C are mainly composed of Mg, MgB12H12, and amorphous boron, with the absence of MgB2, in good agreement with the literature. [11] The formation of MgB12H12 and amorphous boron instead of MgB2 would not only decrease the releasable capacity of Mg(BH4)2, but also significantly limit the reversibility of the dehydrogenated products due to their high thermodynamic stability. [42] Upon the introduction of graphene into Mg(BH4)2, the onset temperature for the dehydrogenation of the BM-MBH-Gr is decreased to decomposes through a polymerization process with the formation of MgB12H12 as the main intermediate products [14, 43, 44] and, with the increase of reaction temperature, all B-containing species could be transformed into MgB2. [40] In the terms of MBH-Gr, the tremendous decrease of particle size of Mg(BH4)2 could effectively reduce the distance for the diffusion of Mg, B, and H in the compound and facilitate the mass transport, which lowers the kinetic barrier of the reaction to form MgB2 with favorable thermodynamics, thus promoting the direct formation of MgB2. These results highlight the important roles of nanostructuring and graphene in optimizing the reaction pathways and hence improving both the thermodynamics and the kinetics of Mg(BH4)2 towards advanced hydrogen storage performance.
A hydrogen capacity of ~8.96 wt % could be achieved for MBH-Gr (Figure 4b ), which corresponds to a mass loading of ~60% for Mg(BH4)2 NPs distributed on graphene, considering the complete dehydrogenation of Mg(BH4)2 to form MgB2. Such a high loading is much superior to those in the reported results (Table S1) Gr is calculated to be 28.96 kJ mol -1 ( Figure S12 ), much lower than that for pure Mg(BH4)2 (45.9 kJ mol -1 ). [38] This provides direct proof of the significant improvement of the hydrogen desorption kinetics for graphene-supported Mg(BH4)2 NPs, originating mostly from the shortened distances for mass transport, owing to the tremendous size reduction, and the enhanced catalytic effects due to the homogeneous distribution of Mg(BH4)2 NPs on graphene with intimate contact.
The cycling performance of graphene-supported Mg(BH4)2 NPs, which is a critically challenging aspect for their practical application, were further investigated by isothermal hydrogenation and dehydrogenation at 250 Figure S13 ), which effectively shortens the diffusion pathways for hydrogen and mass transport with enhanced interfacial reactivity, thus leading to the favorable reaction between MgB2 and hydrogen to regenerate Mg(BH4)2. It is interesting to note that, due to this unique structure and the favorable formation of MgB2, a reversible hydrogen capacity of 3.24 wt.% could still be achieved for MBH-Gr in the 6 th cycle, and the kinetics of dehydrogenation is well maintained from the 3 rd to 6 th cycle. The cycling stability and reversible capacity are advanced compared to some other reported works under the same or more severe conditions (Table S2) . [22, 23, 45] It provides further evidence to the superior cycling stability of graphene-supported Mg(BH4)2 NPs.
Conclusion
In summary, we have developed a graphene-confined solid-gas reaction to fabricate performance. Moreover, the unique mechanism for the synthesis of metal borohydrides could animate further studies on the mechanisms of interface-enhanced chemical reactions.
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Experimental section
All samples were prepared in an argon purified glove box (Mbraun Labmaster) with moisture and oxygen under 0.1 ppm.
Synthesis of MH-Gr:
MgH2 nanoparticles supported by graphene were prepared via the method in our previous report.
[ S1] In a typical synthesis of MH-Gr, 0.042 g of graphene and 
Calculations of the apparent activation energy:
The apparent activation energy (Ea) of the dehydrogenation from MBH-Gr was determined by combining the Johanson-Mehl-AvramiKolmogorov (JMAK) results (Equation (S1)) with the Arrhenius results (Equation (S2)) according to the isothermal hydrogen desorption curves at different temperatures. [S2] According to the JMAK model, the Ea can be approximately described as follows:
where α is the fraction of dehydrogenation from Mg(BH4)2 at time t, k is an effective kinetic parameter, and ƞ is the Avrami exponent, which is related to the transformation mechanism.
Based on the values of k at various temperatures, the Ea for the composite could be obtained from the Arrhenius equation as shown below:
Where A is a temperature-independent coefficient, R is the universal gas constant, and T is the absolute temperature.
Theoretical calculations:
The calculations were performed based on the density functional theory (DFT) approach [S3] using the DMol 3 package. The effects of exchange correlation interaction were treated according to Perdew-Wang generalized-gradient approximation (GGA-PW91). [S4] All-electron Kohn-Sham wave functions were expanded in a double numerical basis with polarized orbital (DNP). [S5] Sampling of the irreducible wedge of
Brillouin zone was performed with a regular Monkhorst-Pack grid of special k-points. 
